Abstract: Current product representation schema in any solid modelling system consists of product's geometrical (structural) and topological information only. Unless the functional, behavioural and causal information related to the product, is either explicitly described or derived from knowledge of the structure and topology, the overall behaviours of the product (more importantly, its faulty behaviour which must be recognised before any repair or replacement activity could take place) and their causes are difficult to recognise. The paper discusses the preliminaries of functional and behavioural information models that need to be attached with the currently available product structure at providing foundations for building a complete and comprehensive information model for any product. A case study involving the design of a pendulum clock has been presented to clarify several design analysis points that will be useful in various repair and replacement-related problem-solving activities in the future.
Introduction
In the development of an open assembly model of a product Baysal et al., 2005) over its complete life cycle, the means to model its behaviour is of obvious importance because the product's behaviour is its single most important characteristic; that is good, bad, or indifferent behaviour is what the product 'does' throughout its useful life. An automobile may function as a means of trouble free transportation for several years for a family. If the family lives on a saltwater coast, the same car may also rust out in those same years. The car may have performed flawlessly as designed, however its behaviour in the environment in which it has been subjected is undesirable. Any deviation of its behaviour from the pre-assumed design conditions is recognised as the 'fault', and the recognition and the correction of the symptoms of these undesirable behaviour or faults are the most important concepts with regard to product repairs and replacements.
Researchers in 'the mechanical design process' note that oftentimes the words 'function' and 'behaviour' are used synonymously. They continue to demonstrate the 'subtle' difference; that is that function is the desired output from a system yet to be designed, and that behaviour is the actual output of the manufactured system. The authors here would submit that this difference is not subtle at all, and behaviour is more than the output of the manufactured system. Behaviour constitutes not only the product's output but how it affects and is affected by its environment and other artefacts it might interact with. The behaviour of an object throughout its life may be dependent on many things that are unforeseeable to a designer. The behaviour of the product in any given condition is a valuable source of knowledge for product improvement, repair or replacement. Thus any product model designed to track the product over its life cycle should have a means to input observed behaviour from similar products that the model can use to predict its own behaviour.
The ability to analyse design behaviour under a variety of conditions drives the need to model a design analytically to gain feedback on likely or potential behaviour before design decisions are made. It is important throughout the design process to maintain a record of this analysis so that others involved in the process can determine the reason a design feature has been included. It is also important in the post-manufacturing and in-use stages. Causal simulation and reasoning are the needed to understand the behavioural changes and their effects in the product.
Many existing product representation schema based on qualitative physics have been tried by researchers to model mechanical products and their behaviours without much success, however this reasoning technique falls short in the context of mechanical repair where unanticipated failure may occur. Here we will consider a pendulum clock, laying out a logical design mapping sequence, while inserting analysis points, where design decisions might be applied. An existing design will be described, and somewhat modified. We will start with a discussion on the necessity of behavioural analysis in the following Section 2. Section 3 will describe the product being designed. Section 4 will define function, performance, and behaviour as they will be used throughout this discussion. Section 5 contains a discussion of a suggested design sequence, combining a logical design algorithm with pauses for human design intervention.
The purpose of this paper is to clarify definitions of function, performance, and behaviour, and to begin a dialogue on how these product characteristics might be used to improve the core product model that is needed for the product's full life cycle activities.
Why is behavioural analysis necessary?
In a perfect world, we could design a product and it should function, perform, and behave exactly the way we wanted it to; we could truly 'neglect friction and other losses' as we did in high school physics class. But in this real-world, things do not behave quite so nicely. A common example of this comes from the pharmaceutical industry. There have been scores of 'miracle' drugs that have reduced the severity of many maladies and have virtually eliminated many others. We however constantly hear about drug interactions, side effects, and allergies to drugs which can be severe enough to be fatal to the very person they are designed to help. As systems become as complex as the human body is, behaviour becomes more difficult to predict. Gathering behavioural data from real world applications and inputting it into models can help to improve product performance in many ways. We might modify the product itself even after the final design is completed, such as is done with coated aspirin, to reduce its adverse effect on the stomach lining. Perhaps we adjust the environment the product is used in as we do when having a patient adjust his or her diet while taking a medication. We may also deem a product unfit for an application and find an alternative as is done for people allergic to a drug.
Behaviour analysis incorporated into a design model has other important functions. One of these is that attempting to model for behaviour results in the designer or design team looking beyond design specifications, which may be sufficiently descriptive of the intended function of a product, but be missing important information as to how the product might react to or within the environment to which it may be subjected during its life cycle. For instance a can of water-based paint might be subjected to damaging temperatures during shipping; or sudden changes in pressure during a transport flight might affect an object. An electrical designer might incorporate a well proven circuit into a design, but behavioural analysis might show that components with the equivalent function but with more stringent environmental specifications (i.e., military) may have to be substituted due to temperature extremes to which the product may be subjected. Essentially incorporating behaviour into our design models is a means to 'learn from our mistakes', and anticipate potential situations that might not be obvious to the product designer or product maintenance personnel beforehand.
Expectations from the behavioural analysis: a case study of a geared clock
The clock (Figure 1 ) referred to herein is a design by Brian Law (http://www. woodenclocks.co.uk). The clock is designed as a decorative and functional project for skilled woodworkers. It is designed to replicate, to a degree, an old pendulum clock, and to 'show off' its inner workings. Therefore, in addition to providing the basic function of a clock, that is to accurately mark and display the time of day, it utilises a pendulum, an escapement mechanism, and a traditional clock display, with hour and minute hands. Because the finished clock is a showpiece, the forms of many of the parts are designed to fit an aesthetic theme. Finally, the parts are designed to be made out of wood and to be manufacturable with standard woodworking tools. This results in certain size and tolerance limitations for the parts. 4 What must be done to reassemble the parts so that the entire functionality of the clock is resumed?
Notice some of the questions address reasoning tasks, others address what kind of knowledge is necessary in replacement activities. A considerable problem in the discussion of design is the absence of a product designer's lexicon. In order to discuss and reason about product function and behaviour in a meaningful way it is first necessary to clarify the definition of these and several other related terms as they will be used throughout this paper.
4 Definitions: function, behaviour, and performance
Function
Many definitions of function have been applied to design and modelling in the literature (Gero, 1990; Gorti and Sriram, 1996; Pahl et al., 2007; Roy et al., 2001; Bharadwaj, 1998) . The models generally either represent functions based on inputs and outputs, or use a syntactic approach, i.e., describe a function grammatically with a verb-noun sequence. Webster's dictionary defines function "as an action for which a person or thing is specially fitted or used or for which a thing exists, or any of a group of related actions contributing to a larger action". This dictionary definition seems to cover both of the above descriptions. For this discussion, we will define function as what a specific artefact (feature, part, subassembly, or product) is designed to do. This can include both functions that require an input and/or an output, and syntactical functions that require neither. Szykman (Szykman et al., 1999; Hirtz et al., 2002) has developed a function taxonomy but notes it is incomplete for lack of such things as assembly functions (locate, fasten, etc.) and abstract functions, such as to provide safety. For this discussion, we distinguish those dynamic functions associated with I/O characteristics from those static functions that are not, such as support parts, reduce friction, etc. There is a level of abstraction of functionality, especially throughout the conceptual design phase that deserves special note. As shown in Appendix, a typical clock can be broken down into several sub functions that are appropriate for both the smallest wristwatch and for Big Ben. In order to further clarify the lexicon, we shall define this most abstract level of functionality as a task. Thus, a task is what we want to accomplish. A task can be static or dynamic, i.e., with or without inputs and/or outputs. If we add some shape or material (form) to the design, we can see how we intend to accomplish the task, or how the design will function. Finally, during the detailed design phase, we add the specifications and constraints required to obtain the artefact that will perform this function.
Behaviour
When an artefact is placed into service, its interaction with its environment becomes a process. Like a function, a process can be static or dynamic. Although the word process perhaps implies action with inputs and outputs more than the word function, a column for example can be 'in the process' of supplying a force equal and opposite to that of the load which it is supporting. This is a static process, performing as designed.
In much of the literature, behaviour is defined as 'what a product does' and function is synonymous with 'intended behaviour'. The authors would argue that the behaviour of an artefact is not only what it does, but how it affects the behaviour of other entities interlinked with it in its domain (i.e., the product assembly). This may be difficult to measure. It could be a better idea to evaluate the effect of the artefact in its 'proximity' or 'neighbourhood', rather than the whole domain.
Behaviour constitutes much more than the product's (or, part's) designed response to a stimulus. It also consists of how it affects, and is affected by, its environment and other artefacts with which it might interact. Consider a large smokestack designed to withstand a gale-force wind. It may perform perfectly for years until an identical unit is constructed alongside of it. Now a much smaller wind could conceivably start a resonance between the two stacks causing one or both of them to crumble. The behaviour of an object throughout its life may be dependent on many things that are unforeseeable to a designer.
Once again consulting Webster, we find behaviour to be anything that an organism does involving action in response to stimulation; the response of an individual, group, or species to its environment; or the way in which something (as a machine) behaves. By inserting 'artefact' in place of 'organism' and 'individual, group, or species' in the above definition, we come close to a usable definition.
For the sake of this discussion we will define behaviour as: the process anything that an artefact does involving action in response to stimulation; the response and influence of an artefact to its environment; or the way in which a process affects and is affected by its operating domain.
This definition somewhat removes behaviour from the realm of the designer/modeller. The generalisation of behaviour and the emphasis on environment (and as we will see on other parameters) makes behaviour difficult if not impossible to model, for in order to model the behaviour we must know exactly what environment it will be in and how it will be stimulated by or will stimulate the product being designed. Thus in order to model behaviour, we need a way to anticipate behaviour from observed behaviour (from similar products).
Performance
In order to facilitate the modelling of the product, a subclass of behaviour that includes predictable interactions between artefacts in the assembly and with its input and output is required. We define this as the class performance. Thus, performance is a sub-class of behaviour that is predictable, and thus able to be modelled. It is the manner an artefact will react to designed or anticipated stimuli. We are trying to distinguish behaviour and performance by saying performance does not include the effects of other artefacts/environments.
An example from the pendulum clock should clarify these definitions. Suppose a pendulum clock, designed to keep time accurate to some specification was operating in a tropical climate where the temperature was several degrees higher than the designers had anticipated. A model of the clock might contain a term for pendulum length, but perhaps not a term for temperature because the designers have anticipated that it would be used at approximately room temperature. The pendulum shaft depending upon its coefficient of expansion might lengthen enough to slow the down clock beyond its adjustability. This is a case in which the behaviour does not match the performance, and cannot because there was no consideration of this extreme temperature fluctuation in the original model. This bit of information however is important and is incorporated into the model under the class Behaviour. It now can be accessed and utilised in several ways:
1 it may become a constraint: e.g., 'the operating of the clock shall be between 19°C
and 21°C' 2 it may become the source for a product modification, such as a bimetallic section of the pendulum that adjusts its length with a change in temperature 3 the pendulum length term in the model might be adjusted to include the temperature and the coefficient of expansion of the shaft material.
Now the model will reflect this behaviour. At this point, the behaviour regarding temperature becomes the performance of the product.
The design process: understanding the cause-and-effect factors
Product design, being as much of an art as it is a science, lends itself to almost as many approaches as there are product designers and products. Accepting that there will never be a best means to model product design, a flexible model is sought that will reflect a generalised design algorithm, usable from concept to finished product and beyond. An attempt is made to break down a potential design process into steps discrete enough to be applied to some computer application. A detailed analysis of the design process establishes the cause-and-effect criterion for each designed part early in the product development process. Repair or replacement analysis demands a thorough understanding of these phenomena. In the next paragraphs, we study the design process of the grandfather clock. This design process must be recorded and available afterwards for repair/replacement analysis. Conceptual design begins with determining the ultimate task, given the problem specifications.
Clock specifications: 1 convert energy to display time of day 2 material -wood preferable (because the specific design is a project for woodworkers) 3 manufacturing processes limited to wood shop 4 open mechanical architecture.
In sorting out the tasks to be completed at this phase of the conceptual design, we are not concerned with items 2-4, because they deal with form, material and geometry; none of which applies to the tasks to be determined. The task then becomes to convert energy (input) into a display of the time of day (output). A database that contains a library of form-to-function methods exists, whether it resides in the collective minds of the design team members, their personal libraries, on some computer database, or in some combination of all the above. A flowchart outlining a scheme that might be used to select potential solutions from this database could be drawn to help initiate the conceptualisation process.
Beginning with the task, to convert energy into a display of the time of day, the database is consulted, and it is determined that a solution to our task exists in the form of a clock. Of course there are thousands of solutions that could apply. Suppose the first solution that emerges is a digital alarm clock. Now the conceptual design team reviews the potential (which now has some implied form) and compares it to the design specifications. The virtual device will convert energy into a display of the time of day, and it does not necessarily violate any criteria or constraints, so it comes up for design review. Although it could be made from wood, the design team immediately realises that the digital mechanism is not consistent with the design intent. Since the solution is not satisfactory, we have the option to modify the criteria. This could either be done at the specification filter level, or at the task level. The task may be modified such that the input and/or output have some form restrictions, such as the output shall have the form of a standard 12-hour face. This changes the task into a function, which is all right because it is a functional solution we are striving to obtain. There might be a disadvantage to going this route in that the potential solutions selected from the database will be more restricted, however searching for a solution will be much faster. Alternately a constraint could be added to the specifications disallowing any digital display. Of course many of these decisions may occur in a designers head in a matter of milliseconds without conscious thought for a relatively simple design as is being discussed here. The purpose of the model is to break down the thought process into potentially programmable steps that could be modelled.
Another form of the clock might have our proper output, but use a wound spring as the energy source. Suppose we regard this as a potential solution. We go to our design review and examine the implications of using this solution as it might pertain to issues that are beyond the scope of our specifications. We might decide that the clock will perform properly, but a negative connotation is that the spring would be difficult to construct in a wood shop and might have to be purchased outside. Not being totally satisfied with the solution we re-consult the database, this time without changing the criteria.
A following iteration brings us to the hanging weight energy source and another design review ensues. This time, in anticipating the behaviour of the clock utilising this source of input we discover that there are implications to the size and weight of the final product by its selection. Another implication is that the clock will not be mobile as it would be with the wound spring as the energy source.
At some point when either the database has been exhausted, or it is determined some satisfactory solution has been found, another manual process is called for wherein all the possible solutions are sorted, discussed and a design decision is made. In this case, it is decided that the clock need not be mobile, and the simplicity of the weight vs. the manufacturing of the spring pushed the decision in the suspended weight's favour.
At this point, it does not seem that we have progressed very far; we know our input will be a suspended weight and the output will be a standard clock face, but we have while determining this logged some important information toward detailing the specifications, anticipating constraints of the device and recorded some important design decisions. What tasks are involved here? The input to the clock face must be a calibrated rotational motion.
An elaborate examination and re-examination of all available information thus yields an acceptable pendulum clock assembly whose force flow diagram is shown in Figure 2 . The 'force flow diagram' is a method of representing transfer of force through a product's components. In this method, the components are symbolised as nodes using circles and forces are drawn as arrows in connecting components in which force takes place. In this diagram, the force of flow is shown, i.e., the order in which the force transfers through the components. It starts from the dead weight, and then transfers through the rope, drum, shaft, gears, escapement wheel and finally the yoke, connected to the pendulum. Also due to the pendulum, which marks a calibrated period of time, a reactive force is produced from yoke to the shaft, shown by the dotted line. Force from the shaft (calibrated to standard time) is given to gears which mark the minutes and hours by means of hands. When the dead weight is fully unwound, an external force is applied by means of key which rewinds the weight. 
Functional model
The functional model is the foundation of the design upon or about which the product model is built, beginning during the conceptual design. The functional model is often thought of as a series of nested inputs and outputs. As an example, the function of the clock modelled before is to convert some form of energy (input) into a display of the time of day (output). This is accomplished with a series of sub-functional blocks connected together, the first one receiving energy as an input and the last displaying the time of day as its output (as shown in Figure 3 ). The purely functional model is abstract, consisting of a series of tasks and can be executed with little detail regarding the geometry or material (form) that will be used for the product. Each block does something, that is its task can be described by a verb-noun sequence (cross) such as 'distributes energy', but not all functional blocks need to be dynamic, i.e., contain an input and an output. For example, the clock has a frame without I/O characteristics whose function is to 'support and align parts'.
Functional analysis, leading to the development of a functional model should really not begin until a clear understanding of the original problem has been obtained so that the design objectives and constraints are clear. Without clear objectives documented so that everyone involved with the design has access to them, it is likely that an optimal solution will not be reached. For example, if we are designing a clock and our objective is to 'display time-of-day', then a wrist-watch or Big Ben equally satisfy our objective.
Input(s)
Black Box Output(s) <=> <=>
The task at hand is to define the workings of the black box in terms of sub functions that will take us from available inputs to required outputs, meeting all our objectives and within our constraints. The model can be developed from either or both directions. George Washington Carver developed products that are made from peanuts in order to create a market for the excess product created upon the utilisation of peanuts as a rotational crop to add nitrogen to the cotton fields (left to right). During the same time period Thomas Edison was using a newly available input (electricity) to develop a desired output (light) with the electric lamp (both ways). When John Kennedy set a goal of landing a man on the moon within a decade in 1960, the input was wide open (right to left). There is no best way to accomplish this task that will work for all products. As previously mentioned, a library of functional blocks in the designers head or elsewhere acts as a primary source for our functional breakdown. A second source is in the collective creativity of the design team. The procedure very generally is to match inputs to outputs. A very simple example might be a mechanical sub-function that requires conversion of rotary motion to linear motion. The functional library might contain several choices in the form of a rack and pinion, a crank and plunger etc. Each possible solution is checked to see that it meets the objectives and that it does not conflict with the constraints. If it passes these tests, an additional step should be taken; to consider the implications of its use. This step generates documentation as to why the artefact was chosen and concerns as to its predicted behaviour under certain conditions. This information can become valuable, especially if others in the design team are working on the detail design later on in the process. It may be that more than one path from overall input to output, i.e., parallel functional models, are maintained until the design is committed. Implications about the use of a certain form, in which a task is accomplished, can be positive or negative, relating to anything from cost, to manufacturing, to performance, to concerns about behaviour. A negative implication to the form of the rack and pinion might be the requirement to reverse the shaft on the pinion. The form of the crank and plunger perhaps do not provide an even enough force distribution through the range of linear motion. If a satisfactory solution is not arrived at, another level of sub function might be added. For example, a hydraulic cylinder whose input is a pressurised fluid might be considered (output linear motion) along with a rotary hydraulic pump whose output is a pressurised fluid (input rotary motion). Implications of using this selection might be that now a hydraulic system is available for other sub functions, but perhaps a larger input power requirement is necessary.
Once this dynamic portion of the functionality has been mapped out, an executable model can be constructed to verify the functionality. Note that up till now (except when considering implications), the model has been constructed without regard to material or geometry. As such, the model at this stage will not be able to predict performance except in-so-far as efficiencies have been previously modelled into each of the sub-functional groups. We begin to add some material and geometry to the model as we move into detailed design.
While beginning to add material to the model, the static sub-functional groups must be considered. Frameworks, covers, and supports that may not furnish an output necessary to the required outcome of the device have a vital function in holding and aligning everything together. There may also be some additional dynamic requirements not considered in the functional analysis such as cooling fans (mentioned with the implications of those devices requiring them, no doubt), safety limit switches etc. Thus each sub function gets modelled with its geometry, including locations and features required for mating with its counterparts. Solid modelling programs available make this task relatively straight-forward. It is important here as it was previously to maintain a file of implications as design decisions are made throughout this process (i.e., recording the rationale of the design choices).
As materials and geometry are added, those physical properties associated therewith can be incorporated into the functional model. Now the friction loss between moving parts becomes computable. Changing materials, or contact areas, or surface characteristics in the model reflect real changes in efficiencies. It is now possible to predict performance. At this point, tolerances must be considered, and modelling becomes more difficult. It may not be difficult to experimentally measure the effect of a single part out of tolerance, but in a large mechanical system, effects passed along can be additive or multiplicative. Consider a gear on a shaft slightly out of parallel to its mate may still function but if that same gear is operating between two gears on separate parallel shafts, it might jam or wear very rapidly.
Constraint model
Constraint modelling is necessary to define the inputs, outputs and internal attributes of the function. Constraints are restrictions on the possible variation of attribute values and are represented as a set of relations amongst the attributes. Three types of constraints have been considered here: relational constraints, causal constraints and spatial constraints.
Relational constraints are direct functions of attributes. For example: in a rotary motion transformation, a global constraint requiring a speed ratio (assuming ω I as input and ω O as output rotary speed) could be represented as: ω O .value / ω I .value = [5, 6]; speed increase by a factor of 5 to 6.
Causal constraints indicate dependency of one attribute on other attributes but the exact functional relation may not be known. These types of dependencies are useful mainly in studying the qualitative behaviour of an artefact.
Spatial constraints are form-dependent functional relations. These have been separated from the main relational constraints for ease of treatment. These constraints impose some form of geometric restrictions amongst the attributes of an artefact/device. Some examples of these types of constraints, for a chair, could be ('arm' parallel_to 'seat'), ('backrest' perpendicular_to 'seat'), ('seat' distance_from 'base' 2ft), etc.
Behavioural model
The functional model as discussed is useful for conceptual design where the design concept is evolved on the basis of the specified abstract functions. However, the functional model is not sufficient to synthesise assembly/components behaviour. This is because of the fact that functional models do not adequately capture the interactions of forces and kinematic motions between the part geometry. For instance, the fit condition between a shaft and a bore cannot be expressed by a spatial relationship since it does not provide functional design details such as contact pressure, contact force, rotational torque, rotational speed, etc. at the shaft-bore interface. In order to synthesise product/assembly behaviour and geometric tolerances, full behavioural models of the involved components in the assembly (including both the structural and kinematic behavioural models) are required. In this section, we will discuss the structural behavioural model.
Behaviour of a function is defined to be the set of values of parameters (which are related causally) of the function either at a specified time or a series over a period of time. Behaviour of a function is context sensitive and as such, behaviour comes into play only in the context of a form. A function defined as an abstract object often can be achieved through different forms/devices and the function will have different behaviour under each separate form/device context.
Consider the following behavioural cases where a product might not behave as it should (or may not even function) due to circumstances that might not have been considered during the design phase of product development:
In order to be effective, the product information model must incorporate this behavioural information. Otherwise, the product model will remain incomplete and will not be that useful for any in-use product life cycle stages, especially for repair and replacement purposes. In Appendix, we have identified and represented information regarding various functional and behavioural aspects of the pendulum clock and its parts.
Purpose
A design is in effect a summation of purposes; that is the sum of the reasons behind each design decision. Take for example the artefact shown in Figure 4 . If one does not know what it is or what it was designed for, then its design is lost. It is simply an artefact whose value is limited to the use one imagines making of it (affordance); perhaps as a pick to remove mud from the cleats of golf shoes. What it is, in fact, is the escapement anchor of the pendulum clock. It consists of three parts, an escape and a left and right pallet. It is important to document the purpose behind each design feature so that others on the design (or future development) team understand the implication of design changes. For example, a team reviewing the clock design for manufacturability (DFM) may be working to eliminate the total part count. Why could not this part be made into a single piece? Because the original design was to be manufactured in wood, perhaps the design intent was to separate the pieces to facilitate the manufacturing the decorative features of the part by allowing the turning of the ogee design of the pallets on a lathe. If that is the case, and the new clock is being manufactured differently, in this case on a rapid prototype machine, an anchor made as a single piece would be acceptable.
On the other hand, if the purpose behind the three pieces was to allow adjustment in the relative positions of the pallet ends to account for deviations in tolerances of the wooden gears, a decision would have to made as to whether or not the tolerances of the device manufactured with the new method would allow elimination of the adjustment capability.
Almost every feature in an artefact should have a purpose recorded in the knowledge base which comprises the design, readily accessible throughout the product life. Any change incorporated into the design then can be cross-checked so unnecessary features can be eliminated or necessary features can be added. Even after product retirement, a well-designed product may have features incorporated in its design whose purpose is to facilitate disassembly and recycling. The knowledge of the existence of such features can determine whether a product can and will be economically recycled or will take up space in a landfill at some expense to the disposer and to society.
Information requirements for repair/replacement
Along with the knowledge of the whole design process, one needs to know more about the information requirements for a particular repair/replacement job. In order to use the knowledge/information for repair/replacement, we need to first work out how people reason about the way mechanical devices work. We need to study how the clock works. Next, we need to find out how the computer system can be built based on this information model to simulate such reasoning. Last, we need to investigate how to apply such reasoning to mechanical repair/replacement automation. For instance, there has been no effort yet at facilitating the reasoning of the consequences when something has to be taken out for repair; that is, the ability to answer the question 'what will happen if we take out the anchor from the grandfather clock?' There is no representation that supports the reasoning about how to put back a part properly after repair. Repair experts agree that humans have to acquire knowledge of how mechanisms work before they can repair them. An intelligent repair/replacement system will benefit greatly if it captures the necessary knowledge of the way mechanisms work.
In the context of the pendulum clock, we decide to replace its energy source by an electric motor instead of the dead weight-pendulum mechanism. A catalogue cut sheet of the motor is found at http://www.hansen-motor.com/images/pdf/pmSyncron.pdf. The actual motor is shown in Figure 5 . The idea of replacing the dead weight-pendulum by the electric motor triggers a major change in gear train layout within the given layout constraints. The easiest way we found to lay out the gear train is by creating the back plate for the clock roughly in its final shape and then devising a gear layout on this surface. Since, as we calculated, the escapement shaft on the pendulum clock rotated at 1 rpm, the escapement wheel is replaced with a 60 tooth gear, driven by a 20 tooth pinion directly coupled to the 3 rpm motor. After replacement, the pendulum clock takes the shape as shown in Figure 5 (the front face place is replaced as well). Note that the face of the clock has been replaced too without affecting any other functional parts. Figure 5 The clock with the energy source (weight) and timing source (pendulum and escapement) replaced with a synchronous electric motor (see online version for colours)
Conclusions
In this paper, we discussed the definitions and models of function and behaviour, and studied the behavioural analysis procedure in the context of a pendulum clock design for its part repair and part replacement. The information model of the whole product (i.e., artefact) is built by the composition of behavioural and causal models of system components (i.e., parts). The repair or replacement process takes observations of the product (i.e., the system) behaviour as input and reasons backwards with the model to infer what part failures could explain the observations. The underlying rationale behind the approach is that behavioural and causal models of products are built when the product is being designed and analysed right from the conceptual design stage. A complete and comprehensive product information model and knowledge representation and implementation for automated repair and replacement process will be the subject of our next study. Sleeve 119
